INTRODUCTION
GNSS(Global Navigation Satellite System) and INS(Inertial Navigation System) are widely used as standalone navigation systems, respectively. The integration of GNSS and INS not only leads to high accuracy of vehicleʹs position, velocity, and attitude, but also provides position error bound. To maximize the performance of GNSS/INS integrated systems, time synchronization between GNSS and INS is an important issue.
There has been some research for time synchronization of GNSS/INS measurements for loosely coupled GNSS/INS systems or tightly coupled GNSS/INS systems. However, there are few research to consider both. This paper compares the time delay effect of loosely coupled GNSS/INS systems and tightly coupled GNSS/INS systems. To compare the performance of the two integration systems, it is analytically studied how the time delay between GNSS and INS has effect on the Kalman filter innovation for each integration method. Then based on the analysis results, computer simulations are performed to check how each integration method has effect on the navigation performance such as position, velocity, and attitude of the vehicle. The two GNSS/INS integration methods are reviewed briefly in section 2, and the effects of time delay are analyzed in section 3. Computer simulations are performed in section 4 and conclusions are given in section 5.
INTEGRATED GNSS/INS NAVIGATION SYSTEMS
Several approaches are possible for the integrated GNSS/INS systems depending on which information is shared between GNSS and INS. Loosely coupled and tightly coupled integrated systems are considered in this paper. The position and velocity calculated from GNSS are used to update the INS filter in the loosely coupled integration, while raw pseudorange is used in the tightly coupled integration for Kalman filter.
Loosely coupled GNSS/INS navigation system
The block diagram of the loosely coupled GNSS/INS integration is shown in Figure 1 . The position and velocity is calculated in the GNSS receiver and then used as a measurement in the INS Kalman filter.
As seen in Figure 1 the structure is simple and modularization is possible. The computation time is reduced since the algorithm in the GNSS receiver can be used. The Kalman filter in the loosely coupled GNSS/INS integration has the error model with dimension of 15. 
where
In the case of loosely coupled integration there are some drawbacks. When there are short of visible satellites, navigation information cannot be calculated in the GNSS receiver. Under the large dynamic environment GNSS navigation solution becomes inaccurate, thus the integration performance becomes worse. The block diagram of the tightly coupled GNSS/INS integration is shown in Figure 2 . The GNSS pseudorange and pseudorange rate are used directly in the measurement of Kalman filter and the clock error of the GNSS receiver should be included in the state variable to be estimated. Thus the Kalman filter error model contains position error, velocity error, attitude error, accelerometer bias, gyroscope bias, clock bias and clock drift of GNSS receiver, resulting in 17 state variables as in (4). , The measurement is given as in (6).
Tightly coupled GNSS/INS navigation system
In the case of GNSS positioning, the former GNSS position is used as the reference of linearization and thus the navigation error increases for large acceleration and angular rate. However, for the tightly coupled GNSS/INS integration, INS information with good dynamic performance is used as the reference of linearization of GNSS measurement, thus the same problem does not happen. Even though the visible GNSS satellites are not enough, the navigation calculation is still possible. So it provides more efficient structure in the usage of information than the loosely coupled integration. The drawback of tightly coupled integration is the complexity of the integration structure and thus computing effort increases as the number of GNSS satellites increases. For the GNSS/INS integration there exist time delay between GNSS receiver and INS since not only sampling time but also the signal processing time is different as in Figure 3 . For simplified analysis, the GNSS receiver sampling period is assumed to be a multiple M of the IMU sampling period Ts. Td1 and Td2 are processing time delays of the inertial navigation system(INS) and the GNSS receiver, respectively and Td =Td2 -Td1, i.e., the difference of the INS and GNSS processing time.
EFFECTS OF THE TIME DELAY IN THE INTEGRATED GNSS/INS SYSTEM

EKF algorithm
Consider the error model of INS and EKF equation to
analyze the effects of time delay in measurement. The error model can be described as follows: 
Difference of the two measurements
Estimation of the state errors
Effects of time synchronization error
Vectors ˆ, k r ˆk  and ˆk u in Table 1 denote the estimated navigation state, the estimated sensor errors, and the IMU measurements, respectively. Effects of time synchronization error between GNSS receiver and INS can be analyzed as follows.
Let the time difference of sampling measurement between GNSS receiver and INS be Td and suppose that INS sampling has time synchronization error less than 1sec. Then in the case that vehicle position is used in loosely coupled integration, the estimated position in INS is given as in (9), where ( ) p t means true trajectory.
where |Td|≤1, k v is the velocity of the vehicle and k a is the acceleration.
Suppose that the pseudorange, which is the measurement of tightly coupled integration, has time synchronization error less than 1sec, then pseudorange estimated in INS can be described as (10), where ( ) t  is true pseudorange.
where the pseudorange rate is For loosely coupled integration (11) becomes (12).
In (12) the residual error vector of position or the residual error vector of pseudorange is introduced and defined as
In Skog & Händel (2011) , the errors of the closedloop system are found to be
Here, by substituting k z with a k z in (14) and inserting (12) into this, the following difference equation for the error state can be obtained:
Thus we can notice that time delay in the tightly coupled integration has more effect on the navigation performance than in the loosely coupled integration when velocity and acceleration of vehicle are not large.
SIMULATIONS
In this section computer simulation is performed to verify the analysis result for the effects of time delay. Table 2 shows the specification of INS and GPS used in the simulation. The vehicle trajectory is assumed as circle and run time is 200sec. Vehicle speed is 10km/sec, 200km/sec, and 400km/sec and the time delay is assumed to be 1sec in INS measurement. Figure 4 shows the position errors in north direction and pitch errors in the loosely coupled GPS/INS according to the various vehicle speeds. Generally the position error and attitude error become large as the vehicle speed increase. This happens because the residual error vector in (13) becomes large according to the vehicle speed and thus the optimality of Kalman filter gets worse. The oscillation of the position error comes from the circle trajectory. 
, is large since the satellite speed is large like 3.9km/hr. Figure 5 (b) shows that the attitude error becomes large according to vehicle speed and the attitude error is much larger than that in loosely coupled integration since the satellite speed is the dominant term in dk. Figure 4 and Figure 5 show that time delay error between GPS and INS causes more effect on tightly coupled integration than on loosely coupled integration
CONCLUSIONS
The estimation performance of loosely coupled GNSS/INS integration and tightly coupled GNSS/INS integration is compared due to time synchronization error between GNSS receiver and INS. If the time synchronization error occurs between two sensor measurements, residual error exists. For loosely coupled integration the residual error vector increases according to vehicle speed while for tightly coupled integration the residual error vector increases according to satellite speed as well as vehicle speed. The GPS satellite speed is about 3.9km/sec, which is much larger than the vehicle speed. Thus residual error vector in tightly coupled integration depends mainly on the satellite speed.
Simulations are performed to verify the analysis result for the two GPS/INS integration methods. The simulation shows that time synchronization error has effect more on the tightly coupled integration than the loosely coupled integration
